We reported earlier that a nontoxic form of anthrax toxin was capable of delivering a cytotoxic T-lymphocyte (CTL) epitope in vivo, such that a specific CTL response was primed against the epitope. The epitope, of bacterial origin, was fused to an N-terminal fragment (LFn) from the lethal-factor component of the toxin, and the fusion protein was injected, together with the protective antigen ( 
Cytotoxic T-Lymphocytes (CTL) recognize and clear defective host cells which display nonself peptides on their surface (13, 28) . These peptides arise from various sources, such as infectious agents or aberrant expression of self proteins, and mark defective cells for CTL recognition. Proteins within the cytosol are processed by the multicatalytic proteasome to generate small peptides, which are then transported to the lumen of the endoplasmic reticulum (ER) by specific transporters, TAP1 and TAP2 (16) . Once in the ER, the peptides complex with newly synthesized class I major histocompatibility molecules (MHC-I), and the peptide-MHC-I complexes egress from the ER and are presented at the cell surface. Upon recognition of foreign peptide-MHC-I complexes, specific CTL are activated to clear the pathogen or defective cell (1, 7) . Activated CTL lyse the infected cell, secrete cytokines, proliferate, and differentiate. Lysis of the target cell may deprive an infectious organism of its replicative niche or, in the case of tumor cells, limit the expansion of the defective cells. By secreting cytokines (e.g., interleukin-2 and gamma interferon) CTL recruit other components of the immune response to the site of the defect. Proliferation and differentiation expand the number of specific CTL available for targeting similar defective cells and generate a set of long-lived memory cells available to respond more quickly and effectively to subsequent challenge. Vaccines that prime these memory CTL provide protection for the host upon subsequent exposure to similar defective cells.
The development of vaccines to specifically prime CTL has been hindered by difficulties in developing safe mechanisms to deliver CTL epitopes to the host cell cytosol. Several approaches to this problem have been reported (23, 26, 34, 35) , including the use of attenuated viruses, intracellular bacteria, naked DNA, and adjuvants. Each of these approaches presents inherent problems of safety and/or efficiency. The use of attenuated viruses and bacteria raises questions about possible pathogenic effects of these agents, especially in immunocompromised individuals (25) . The use of DNA vaccines risks the integration of naked DNA into the host chromosome (10) , and most promising adjuvants are not well tolerated in humans (25) . Recently we reported the development of a noninfectious, nontoxic vehicle for the delivery of epitopes, involving a modified form of anthrax toxin (4) . This technique involves genetically fusing a CTL epitope to a nontoxic component of anthrax toxin that can enter the cytosol of cells.
Anthrax toxin is composed of three proteins that act in binary combinations to elicit two toxic effects, death and edema (18) . Lethal factor (LF) and edema factor (EF) are intracellularly acting proteins, which require protective antigen (PA) for translocation to the cytosol of mammalian cells. During cellular entry, PA is proteolytically activated at the cell surface, generating a 63-kDa fragment, PA 63 , which contains a site at which EF and LF compete for binding. Following EF or LF binding to PA, the protein complex is endocytosed and trafficked to the endosome, where the bound LF or EF is translocated to the cytosol following endosomal acidification. Within the cytosol, EF expresses its adenylate cyclase activity and LF expresses a yet undefined activity inducing the overproduction of cytokines in macrophage target cells (14, 15) .
Recently, it was found that the amino-terminal 255-aminoacid domain of LF (LFn) directs interactions with PA (2, 3). LFn contains the information necessary for PA binding and translocation but is devoid of lethal activity. Thus, heterologous proteins genetically fused to LFn can be delivered to the cytosol of cultured mammalian cells in the presence of PA (24) . These results suggested that if CTL epitopes were fused to LFn, the resulting fusion proteins might be delivered to the cytosol by PA and generate a CTL response in vivo. In an initial report, we described the use of the PA-LFn system to prime specific CTL in vivo by using a known epitope derived from the intracellular pathogen Listeria monocytogenes (4) . Delivery was efficient, with as little as 300 fmol of the fusion priming epitope-specific CTL. Mice vaccinated by this approach were partially protected against an L. monocytogenes challenge.
In the present study, PA-LFn was used to deliver a CTL epitope (OVA 257-264 ) derived from ovalbumin and presented in the context of H-2 K b (6, 21) . LFn was genetically fused to OVA [257] [258] [259] [260] [261] [262] [263] [264] , and the epitope was shown to be presented in complex with MHC-I both in vivo and in vitro. PA mutants attenuated in steps of LFn binding or translocation are unable to deliver LFn-OVA 257-264 , confirming that cytosolic delivery is an essential step in generating target cells by this approach.
In addition, we show that PA plus LFn-OVA 257-264 can be used to generate stimulator cells that expand specific CTL in vitro. Expansion of patient-derived CTL in vitro is an important step for adoptive immunotherapy targeting a variety of infectious diseases and cancers (5, 9, 20, 36) .
MATERIALS AND METHODS
Peptide. The synthetic peptide OVA [257] [258] [259] [260] [261] [262] [263] [264] , with the sequence SIINFEKL, was purchased from Biosynthesis Inc. (Lewisville, Tex.).
Construction, expression, and purification of fusion proteins. DNA fragments encoding LFn-OVA 257-264 were constructed by PCR. LFn-OVA 257-264 was amplified with an upstream primer which included an NdeI site and sequence homologous to the 5Ј end of the LF gene. The downstream primer was homologous to the sequence encoding the last 6 amino acids of LFn and included (downstream of the homology) sequence encoding the OVA 257-264 epitope, stop codons, and a BamHI site. The toxin-encoding plasmid from Bacillus anthracis Sterne, pXO1, was used as the template. The NdeI-BamHI fragment was ligated into compatible sites within the multiple-cloning region of pET15b (Novagen) and used to transform Escherichia coli XL1-Blue (Stratagene). For each clone, the plasmid DNA was amplified, purified, and screened for the appropriate insert by restriction analysis. Clones containing inserts were locally sequenced to confirm that the fusion was correct. These clones were then used to transform E. coli BL21(DE3) (31) for expression of the fusion protein.
Recombinant proteins expressed in pET15b contain a His 6 tag at the amino terminus of the protein. This tag allows for a one-step affinity purification of the expressed protein on a Ni 2ϩ -charged column. Cultures of BL-21/pET15b(LFn-OVA 257-264 ) were grown in Luria broth containing ampicillin (50 g/ml) to an optical density at 600 nm of 0.6 to 0.8, and protein expression was induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for approximately 3 h. The cells were then pelleted and disrupted by sonication. The sonicate was centrifuged, and the supernatant was passed over an equilibrated Ni 2ϩ -charged column. The bound fusion protein was removed with 0.5 M imidazole as specified by the manufacturer (Novagen). The eluted protein was then equilibrated in 20 mM Tris-HCl (pH 7.5). The protein concentration was determined, and the sample was frozen at Ϫ20°C.
Wild-type PA was isolated from supernatant cultures of an attenuated strain of B. anthracis by an established method (19) .
Stimulation of OVA 257-264 -specific CTL. All the mice used in this study were female C57BL/6 (Jackson Laboratories), H-2 b , between 8 and 12 weeks of age. Mouse splenocytes were harvested and CTL were stimulated as described previously (29) , with the following modifications. Spleen cells from immunized and control mice were isolated and washed once in RP-10. Cells used as stimulators were naive, irradiated (2,000 rads), syngeneic splenocytes treated with 10 M sterile OVA 257-264 peptide. The stimulator cells were incubated for 1 h in the presence of peptide and then washed once in RP-10. Cultures contained 3 ϫ 10 7 stimulator cells and 3 ϫ 10 7 splenocytes from either immunized or control mice. These were incubated upright in a T-75 flask at 37°C in 7% CO 2 in a total volume of 20 ml of RP-10.
CTL assay. For target cells, mouse thymoma EL-4 (H-2 b ) cells were incubated with 10 M OVA 257-264 synthetic peptide and labeled with 20 l of sodium [ 51 Cr]chromate (600 Ci/ml; 1 Ci ϭ 37 GBq) for 1 h. The cells were then washed twice with medium to remove unbound peptide and extracellular radionuclide. Ten thousand radiolabeled cells either treated with peptide or untreated (negative control) were then added to stimulated effector cell dilutions. The total volume in each assay well was 200 l. Spontaneous and complete lysis of target cells was determined by incubating target cells with RP-10 or 1% Triton X-100, respectively. After 4 h of incubation at 37°C, the 96-well plates were centrifuged at 2,000 ϫ g and 100 l of the supernatant was counted for release of 51 Cr. The percent specific lysis was determined as 100 ϫ (CTL release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release).
In vitro assay for cytosolic delivery of OVA 257-264 . EL-4 cells were aliquoted into 12 15-ml conical tubes at 5 ϫ 10 5 cells/tube. Six of the tubes contained PA (100 ng) in 1 ml (PA plus), and the other six contained 1 ml of RP-10 medium alone (PA minus). The samples, both PA plus and PA minus, were treated with either 100, 10, or 1 ng of LFn-OVA 257-264 for 3.5 h. Duplicate samples were tested at each concentration. The treated cells were then centrifuged, and the total volume was reduced to 50 l in RP-10. After the cells were resuspended, 20 l of sodium [
51 Cr]chromate was added to each sample and the cells were incubated for an additional 1 h. The cells were then washed three times and resuspended in a final volume of 5 ml of RP-10. Dilutions of the CTL clone GA-4 (starting with 10 5 ) were made and added to wells of a 96-well round-bottom plate. A 100-l volume of the treated EL-4 cells (10 4 cells) was added to each of the GA-4 dilutions. In addition, both peptide-coated and uncoated target cells were mixed with medium alone (spontaneous control) or 1% Triton X-100 (complete lysis control). The assay mixture was incubated for 4 h, the plate was centrifuged, and 100 l of the supernatant was analyzed in a gamma counter to determine 51 Cr release. Construction, expression, and analysis of PA mutants. Site mutants of PA defective in receptor binding or translocation of LFn were analyzed by the above system. Both PA mutants have been described previously, and their phenotypes are well established (12, 27 Both mutants were generated by two-step PCR mutagenesis, where the sensestrand primer encodes the appropriate mutations. The mutant PCR products were subcloned into the wild-type PA gene maintained in pET22b (Novagen). The mutant proteins were transformed into E. coli BL-21 and purified from periplasmic extracts by a combination of gel filtration and anion-exchange chromatography.
In vitro expansion of GA-4 CTL with spleen cells treated with PA plus LFn-OVA 257-264 . The ability of PA-LFn to be used as a tool for generating specific CTL stimulator cells was evaluated by the following approach. Splenocytes from a C57BL/6 mouse were washed and resuspended in 2 ml of ACK lysis buffer to lyse erythrocytes (8) . 
RESULTS
LFn-OVA 257-264 plus PA primes an epitope-specific CTL response in vivo. To determine if LFn-PA could be used to stimulate OVA 257-264 -specific CTL in vivo, we constructed plasmids encoding the 8-amino-acid OVA 257-264 CTL epitope fused downstream of the first 255 amino acids of LF (generating LFn-OVA 257-264 ). Mice (5 per group) were injected intraperitoneally (i.p.) with 30 pmol of the fusion protein mixed with 6 pmol of PA. Control groups of mice were injected with LFn-OVA 257-264 without PA. After 2 weeks, the animals were sacrificed and 3 ϫ 10 7 splenocytes were stimulated on syngeneic spleen cells coated with the OVA 257-264 peptide. After 5 days of stimulation in vitro, the cells were assayed for the ability to lyse EL-4 cells coated with OVA 257-264 .
As shown in Fig. 1 , lysis of peptide-coated EL-4 was substantially higher than lysis of EL-4 cells alone, indicating that the mice had mounted an OVA 257-264 -specific CTL response. This result is similar to our initial findings with LLO 91-99 epitope fusions, in BALB/c mice. As with the LFn-LLO 91-99 fusion protein, LFn-OVA 257-264 delivery was dependent on the presence of PA. These results demonstrate the versatility of the system, showing the delivery of a different epitope in vivo in a different murine haplotype.
PA can mediate delivery of an LFn-epitope fusion to the cytosol of cells in vitro. To study LFn plus PA-mediated de-livery of OVA 257-264 at the cellular and molecular levels, we designed experiments for in vitro delivery of OVA 257-264 . EL-4 cells were used as targets and treated with 100 to 1 ng (3 to 0.3 pmol) of the LFn-OVA 257-264 fusion protein in the presence or absence of 100 ng of PA (ϳ1 pmol). The cells were incubated with the fusion proteins for 3.5 h and then loaded with 51 Cr. They were then assayed for the presentation of OVA 257-264 by incubation with the epitope-specific CTL clone, GA-4. Target cells presenting OVA 257-264 are recognized by GA-4 CTL and lysed, releasing 51 Cr. Figure 2 shows that when EL-4 cells were treated with the fusion protein in the presence of PA, the cells presented the OVA 257-264 epitope and were lysed by GA-4 CTL. Specific lysis of the treated EL-4 cells decreased when the cells were treated with 10-fold less fusion protein. PA was an essential component of in vitro delivery, since only targets treated with the fusion protein in the presence of PA were recognized by GA-4 (Fig. 2) . The amount of fusion protein needed for presentation was minimal. GA-4 recognized target cells treated with 100 and 10 ng of the fusion protein (3 and 0.3 pmol, respectively) and even cells treated with only 1 ng of the fusion protein were recognized, although the specific lysis was low (Ͻ10%).
Mutations in PA inhibit the delivery of LFn-epitope fusion proteins. In both the in vitro and in vivo studies, we have found that PA was essential for generating a CTL response with LFn fusions. Several PA-mediated steps are important for the action of anthrax toxin on mammalian cells. To confirm that these steps are also important for the delivery of the CTL epitopes, we used two well-characterized PA mutants. One (SSSR) was altered in the furin-specific cleavage site, which blocks its activation by furin or other cell-associated proteases and thereby prevents toxin self-assembly, including LFn binding. The other (--D) blocks membrane translocation.
EL-4 target cells were treated with the LFn-OVA 257-264 fusion (100 ng) mixed with the PA mutants (--D and SSSR) or wild-type PA (100 ng). The cells were then loaded with 51 Cr as described above and tested for antigen presentation by incubation with the OVA 257-264 -specific CTL. As seen in Fig. 3 , only EL-4 cells treated with the fusion protein in the presence of wild-type PA were recognized for targeting by GA-4. Both PA mutants showed levels of specific lysis similar to those of the controls without PA and thus were highly attenuated in their ability to mediate epitope delivery.
To confirm whether these PA mutations also block the ability of toxin fusions to prime CTL in vivo, C57BL/6 mice (three per group) were injected i.p. with 30 pmol of the LFn-OVA 257-264 fusion protein mixed with 30 pmol of the PA mutants (--D and SSSR) or wild-type PA. A control group consisted of mice injected with the LFn-OVA 257-264 fusion protein without PA. At 2 weeks after immunization, the animals were sacrificed and splenocytes from each mouse were stimulated in vitro as de- scribed above. After 5 days of stimulation, the cultures were tested for CTL activity specific for OVA [257] [258] [259] [260] [261] [262] [263] [264] . As shown in Fig. 4 , a specific CTL response was primed only in mice immunized with wild-type PA. CTL specific for OVA [257] [258] [259] [260] [261] [262] [263] [264] were not primed in mice immunized with either PA mutant. These results further demonstrate the attenuation of these mutants in their ability to deliver epitopes into a compartment that allows for the priming of CTL.
Anthrax toxin fusion proteins may be used to expand antigen-specific CTL in vitro. Having demonstrated the use of anthrax toxin fusion proteins to target cells for lysis by CTL, we performed experiments to determine if an LFn-epitope fusion plus PA might also be used to generate stimulator cells for the in vitro expansion of specific CTL. In this study, splenocytes were incubated with LFn-OVA 257-264 (100 or 10 ng) plus PA (100 ng) and control groups were treated with LFn-OVA 257-264 without PA, with SIINFEKL peptide, or with RP-10 medium. GA-4 CTL were added to the treated splenocytes, and the proliferation of the CTL clone was measured by [ 3 H]thymidine incorporation.
Splenocytes treated with LFn-OVA 257-264 plus PA showed a significantly higher level of proliferation than did the PA-minus and RP-10 controls (Fig. 5) . As expected, splenocytes treated with synthetic peptide were also able to stimulate the proliferation of the GA-4 CTL. Additionally, as was the case with the in vitro delivery assay, there was a dose-dependent response to the target cells. Decreasing the amount of fusion protein 10-fold resulted in a lower [ 3 H]thymidine incorporation by CTL.
DISCUSSION
Novel methods of priming specific CTL may well be important in the development of vaccines against various intracellular pathogens and cancers. Recently, we reported using PALFn as a molecular tool to deliver the CTL epitope LLO 91-99 in mice (4). Here we report the PA-LFn-mediated delivery of a different epitope in a different mouse haplotype in vivo. OVA 257-264 -specific CTL were primed in C57BL/6 (H-2 b ) mice by using the anthrax toxin delivery system (Fig. 1) . The results were similar to those obtained with LLO 91-99 , in which delivery was efficient and PA dependent. Remarkably, only a single injection with a minimal amount of protein was needed to prime specific CTL with either epitope.
Because it is difficult to examine the events at a cellular or molecular level by using the system in vivo, we expanded our studies to determine the capacity of this system to function in vitro. Delivery of the OVA 257-264 epitope to EL-4 target cells was demonstrated with a specific CTL clone, GA-4, that recognizes the ovalbumin-derived epitope and targets EL-4 cells for lysis. A dose-dependent response was observed across the range of LFn-OVA 257-264 used in the assay.
Epitope delivery with the anthrax toxin system is PA dependent, presumably because PA functions in this system as it does in anthrax toxin action, by mediating receptor binding, LF-EF interaction, and translocation of EF or LF to the cytosol. To test this assumption, we used two PA mutants, known to be attenuated in toxin self-assembly and translocation, in delivery assays in vitro and in vivo. The findings that neither PA mutant allowed targeting of EL-4 by specific CTL and that neither mutant allowed for priming of CTL in vivo serve as strong evidence that PA plays similar functional roles in both LF/EF and epitope delivery.
The in vitro expansion of patient CTL represents a viable and promising approach for therapeutic treatment of a variety of diseases (5, 9, 11, 17, 20, 22, 32, 33) . For reasons that remain unclear, patients often mount a CTL response that recognizes cancer or infected cells but are not able to clear the defective cells. This may be due in large part to the number of CTL generated, so that expansion of these CTL might give sufficient numbers to clear the defective cells. CTL expanded in vitro could be transferred back to the patient in sufficient numbers to effectively clear the infected or tumor cells. Patients in this situation are often immunocompromised, which may account in part for their abbreviated immune response. Moreover, the immunocompromised state of the patients makes it important to carefully choose approaches for the in vitro expansion of CTL, avoiding attenuated viruses or other potential infectious agents. As shown in Fig. 4 , LFn-OVA 257-264 plus PA can be used to stimulate specific CTL. These stimulators can then be used to expand the cultured population of GA-4 CTL. LFn-PA 3 H]thymidine was added to the samples. At 14 h later, the samples were harvested and thymidine incorporation into the cells was assessed. Statistical analysis was performed by Student's t test.
